Abstract -This paper presents the principle of design and experimental demonstration of a prototype novel planar-doped potential-well barrier (PWB) diode concept that exploits the characteristics of both the PWB and planardoped barrier (PDB) diodes. The highly doped (Be) sheet charge and potential well are inserted asymmetrically at nearly the same position within an intrinsic region to form a barrier. The hybrid device is designed so that the δ-doping is used to achieve a desirable minimum barrier height, while the active nature of charge in the potential well is used to enhance the device reverse bias performance. The diode achieved an ideality factor of 1. Index Terms-Drift-diffusion (DD), orthophosphoricbased etch, potential barriers, responsivity, zero-bias detection.
I. INTRODUCTION
A NOVEL form of rectifying diode that creates a potential barrier by using both a depleted δ-doped sheet charge as in a planar-doped barrier (PDB) diode [1] and a potential well as in a potential-well barrier (PWB) [2] diode has been designed, realized, and evaluated. The diode offers controllable barrier heights as is the case for PDBs and PWBs but also with improved asymmetry due to the active nature of charge in the well. There are advantages and disadvantages to the designs of both PDB's and PWB's. This paper will explore how, by combining the structures of both types of device, distinct improvements in device performance can be obtained. For example, the barrier height and depletion region thickness of the PDB diode are determined by the position and accurate control of the δ-doping profile [3] , [4] and so has fixed sheet charge, this places limitations to the degree of engineering the barrier height and asymmetry to achieve desired heights for zero-bias detection [3] . The active nature of charge in the well of a PWB means that ideality factors become bias dependent [2] . Both types of device display significant temperature dependence (though of opposite nature) [5] , [6] . We will show how these limitations can be addressed by the new planar-doped PWB diode (PPB) diode structure, how rectifying capability can be improved, and how the opposite nature of temperature dependence in the two types of device should lead to improved temperature stability.
II. DEVICE DESIGN AND FABRICATION
The realization of structures of this kind with the potential for very low-voltage detection was carried out by giving due consideration to the layer design and lithographic process. The device was designed to have a good asymmetry of the two intrinsic regions and a low barrier height in forward bias comparable with conventional PDBs. A thin δ-plane doped with Be atoms (2.5 × 10 15 m −2 ) was inserted beside the potential well in the intrinsic regions with a good asymmetry of the two regions. The detailed layer structure of the PPB diode is shown in Fig 1. The fabrication of the PPB diode was carried out using i -line optical lithography in a standard wet etch process with circular diodes of diameters 50, 70, and 90 μm grown on a semi-insulating base. Typical value for doping thickness of the GaAs well for all devices was 0.03 μm. A RIBER V90H reactor was used to provide tight control over the thickness and composition of each epitaxial layer. Alloyed 50 nm AuGe/13 nm Ni/200 nm Au were used to form ohmic contacts to the doped n + -layers (Al 03 Ga 07 A s (Si)) and were thermally 0018-9383 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. evaporated and annealed to provide low contact resistance of less than. 0.2 mm. Self-aligned mesas to a depth of 1.5 μm were produced by an orthophosphoric-based etch using the top contact metal as a mask. The device IV-characteristics were measured with an Agilent (keysight) B1500A Semiconductor Device Analyser from −3 V to 2 V. The two n + regions of Al 03 Ga 07 As(Si), 250 nm long were doped with silicon to a concentration of 4.1 × 10 24 m −3 and placed at both ends of the device. The GaAs well and the δ-plane were inserted asymmetrically within the two layers of intrinsic Al 03 Ga 07 As with the longer and shorter lengths being 7000 and 1500 Å, respectively. The resulting structure was then sandwiched between two n + doped regions of Al 03 Ga 07 As(Si)
III. SIMULATION OF PPB DIODE
The structure used for simulation is shown in Fig. 2 . In order to fit to experiment, the left and right intrinsic regions were adjusted by 2% and 5% to yield 7140 Å and 1575 Å, respectively. The potential well was adjusted by 5% of the nominal well size to yield 315 Å, and a band offset of 0.25 eV was used as computed by the coherent potential approximation-modified Becke-Johnson approach for GaAs/AlGaAs heterojunctions [7] .
The simulation of the hybrid barrier diode was done in a similar way as the PWB diode reported previously [1] , using the drift-diffusion (DD) model and current equations to investigate the device structure. The potential distributions over a mesh of 1200 points were generated by determining a doping profile for diodes using numerical analysis to solve Poisson's equation
IV. RESULTS AND DISCUSSION A. Diode I-V Characteristics Measurement of the diodes was carried out on the wafer at room temperature using a probe station. Typical forward and reverse IV-characteristics of the diodes as measured by an Agilent (Keysight) B1500 A Semiconductor Device Analyzer is shown in Fig. 3 . There is a rise in current for all three diodes sizes (50, 70, and 90 μm diameters) in both the forward and reverse directions with voltage increase. There is indication that the δ-doped sheet beside the well fully depletes under thermal equilibrium [8] , [9] and is compensated by the charge in the well, thus current flow over the barrier in both bias directions and is controlled mainly by thermionic emission. The result shows excellent agreement between simulation and experiment as shown in the normalized current densities in Fig. 3 .
B. Equivalent Charge in Potential Well and PPB Diode
The simulations show that the charge density in the potential well of the device (as in a PWB) is a function of bias. Fig. 4 shows the simulated equivalent charge in the well (dotted line) and the total charge in the PPB diode (solid line) which is the sum of the charge in the potential well and the δ-plane. Fig. 4 demonstrates that in both the potential well and the PPB diode, more charge is trapped in reverse bias than in forward for a given current and this therefore increases the potential barrier in reverse bias and hence improves the rectifying behavior of the device.
C. Performance Analysis of a PDB and PPB Diodes
To confirm the latter assertion, a PDB diode with an equivalent sheet charge of 4.2 × 10 15 m −2 was simulated and the results compared in Fig. 5 with the PPB diode.
Because the barrier height of the PPB diode is greater in reverse bias, the hybrid device shows improved performance as expected. The forward bias behavior on the other hand, is fairly identical. It is possible that further improvements in the asymmetry (turn-ON voltage) may be achieved by redesigning the well to have a graded region rather than being an abrupt heterojunction [6] .
Also, as shown (see Fig. 5 ), two distinct regions are observed in the forward bias for both the PDB and PPB diodes. In region 1 (0.51 V < V < 0.9 V), the gradient of the log of the current density was observed to rise linearly with the voltage. In region 2, in the forward bias (V > 0.9 V), the log of the current density falls with the voltage. In the reverse bias, however, the log of the current density in the PDB diode rise nearly linearly with the voltage, while in the PPB diode with variable charge, the gradient of the log of the current density slowly falls with the voltage though, with greater improvement in the asymmetry. Fig. 6 shows the direct comparison of the measured I -V characteristics of the PWB (the diode with only the potential well of size 300 Å), PDB (diode with only the δ-sheet doping), and PPB (diode with the combination of the δ-doping and the potential well).
The I -V characteristics were produced by using intrinsic length of 7000 and 1500 μm, respectively, for the long and short intrinsic regions and contacts doping as described earlier with a δ-plane of charge 2.5 × 10 −15 m −2 .
If we define the turn-ON voltage as the voltage where the forward bias current exceeds 0.001 μAμm −2 then the turn-ON voltage for the PWB diode occurs at a much lower voltage than the PDB and PPB diodes due to inherently small charge attracted in the well especially in the forward bias operation. The PDB diode turn-ON occur at a voltage of 0.43 V and the highest turn-ON voltage occur in the PPB with value of 0. 72 V. This is due to the fact that the turn-ON voltage of the PPB diode is the sum of charge in the well and the δ-sheet doping. Also shown (see Fig. 6 ), the PPB diode has demonstrated a greater improvement in rectifying behavior as expected compared to the PDB and PWB diodes.
D. Effect of Varying Input Parameters of the PPB Diode
The I V -characteristics of the PPB diode shows variation to changes in several design parameters: length of the left intrinsic region and size of well and doping concentration of sheet charge. Typical variations to be expected by slightly changing a parameter for the nominal device of sheet charge density 2.5 × 10 15 m −2 , right intrinsic region of 0.7 μm long, and well size of 300 Å is illustrated in Fig. 7 .
The parameters of the device were varied within the range of ±10% of the nominal value. Fig. 7 shows the sensitivity of the IV-characteristics to variation in the well size, the length of intrinsic regions, and δ-sheet doping in each case. For future optimization for zero-bias detection, we found that increasing/decreasing the δ-sheet charge by ±10% of its nominal value, respectively, increased/decreased the point where 0.1 μAμm −2 was reached by 0.2 V in the forward and 0.56 V in the reverse bias. Variations of the well thickness by ±10% change the asymmetry by 0.18 V in the reverse bias operation with very little effect in the forward bias. Also, changes in the left intrinsic region changes the I -V characteristics by 0.1 V and 0.52 V toward the origin in the forward and reverse bias, respectively, per 700 Å decrease in the left intrinsic region.
Similar to a PWB diode, the charge in the well is a function of temperature and in this diode, the total charge changes from 3.76×10 15 m −2 to 3.58×10 15 m −2 (at 1 V) as the temperature rises from 300 K to 400 K. This reduces the potential barrier and is opposite in nature to a PDB [6] . Though not optimized in this prototype device, it may be possible to design devices which have equal and opposite temperature coefficients and therefore improved temperature stability.
E. Some Important DC Characteristics of the PPB Diode
As with the PWB and PDB diodes, the capacitance is very low and all devices were measured to be less than 1 pF. However, exact on-wafer measurement of device capacitance below this value was extremely difficult. To a reasonable approximation, C j ∼ = Aε/L, where A is the area of diode and L is the length of intrinsic region and well thickness, thus the estimated value for capacitance of diode with diameter 50 μm was 0.24 pF. We obtain the curve fitting parameters from the ideal diode equation with the following values: series resistance of 14 and saturation current of 16.3 μA. The voltage responsivity [11] , [12] of the PPB diode at 10 GHz was calculated to be 10900 V/W; this compares favourably with other similar diodes such as PWB [2] , Schottky barrier diodes [12] , and PDB diode [13] but with added advantage of very low-temperature dependence and improved reverse bias operation
We have also estimated some important dc quantities that determines the dc behavior: the junction resistance (R j = 1/(d I/dV )) and the curvature coefficient [14] . The diode has an estimated junction resistance of 2.2 k and a curvature coefficient of 21.2 V −1 at a bias of 0.72 V for the 50 μm diameter diode. The curvature coefficient of this diode is less than the estimated ideal Schottky barriers curvature coefficient of q/K T ≈ 38.6V −1 .
Though not yet optimized for zero-bias detection, the curvature coefficient of this diode compares favorably with backward diodes in Si-based microwave detectors with curvatures of 23.2V −1 [15] and the GaN Heterostructure barrier diodes with curvature coefficient of 30V −1 [3] . The cut-off frequency f c = 1/(2π R s C j ) for the mesa diode with diameter of 50 μm was estimated to be 47.4 GHz. Though, the value of the cut-off frequency for the prototype diode with diameter of 50 μm is small, this probably could be due to the high junction capacitance as it is one of the important parameters determining r.f. performance of detector diodes.
V. CONCLUSION
A novel microwave and submillimeter-wave GaAs PPB detector has been designed, fabricated, and demonstrated to have excellent agreement with experimental results using a DD model. The device with active mesa diameter of 50 μm has produced an estimated voltage sensitivity as high as 10900 V/W at 10 GHz, and offers significant improvement to asymmetry and rectifying capability of similar structures due to active nature of charge in the well. Since the diode has a high-voltage response, there is potential of low RF power detection offering a wide dynamic range of submillimetre applications. It is possible that the temperature operation of the PDB/PWB be worth investigating further as the charge in the well reduces with increase in temperature, so that the temperature coefficient of the PWB will be opposite to the temperature coefficient of the PDB diode. Whilst this prototype has not been yet fully optimized to achieve optimum temperature stability, this is a clear and distinct possibility. This prototype design was also aimed at demonstrating the important differences between PDB, PWB and PPB's, though un-optimized, this device design is sufficiently similar in design to PDB's that an optimized device should be capable of such operations with appropriate reduction in the i -region size.
